Photodynamic therapy (PDT) utilizes a photosensitizer for the treatment of superficial cancers. Hypericin (HY; a naphthodianthrone, MW 504.45; Fig. 1 ) is a potent and promising photosensitizer found in the plant, Hypericum perforatum, commonly known as St. John's wort.
Photodynamic therapy (PDT) utilizes a photosensitizer for the treatment of superficial cancers. Hypericin (HY; a naphthodianthrone, MW 504.45; Fig. 1 ) is a potent and promising photosensitizer found in the plant, Hypericum perforatum, commonly known as St. John's wort. 1) HY exhibits a bright fluorescence with potent photosensitizing properties. It was reported to be useful for the detection of bladder carcinoma in situ, with a sensitivity and specificity of 94% and 95% respectively.
2) Recent studies in our research group suggest that HY induces vascular damage and caused direct tumor cell death in human mucosal carcinoma cells with murine tumor models.
3) St John's wort had been demonstrated to be an efficacious antidepressant of superior short-term safety profile when compared with other standard antidepressants 4) although concerns were raised over potential interactions between St. John's wort and certain other prescribed medicines. 5) Topical application of HY in PDT will definitely reduce such concerns and allow drug delivery to the target site with reduced risk of systemic side effects. 2) HY is sparingly soluble in water. 6) Plasma protein was proposed as an 'effective' HY transporter/carrier 2) but an acceptable pharmaceutical solvent has still to be found for HY. Due to its hydrophobicity, dimethyl sulfoxide (DMSO) is a popular solvent for the preparation of HY in biodistribution studies [6] [7] [8] as well as to assess phototoxicity of HY. 9) However, these formulations are not ideal for actual clinical use in human. Recently, we have investigated the effectiveness of N-methyl pyrrolidone (NMP) as a potential solvent for HY in the chick chorioallantoic membrane (CAM) model for its potential anti-vasculature effects. 10) This present study further investigated quantitatively the uptake of HY and PDT vascular damage on CAM. Also, the role of solvent system on HY transport will be examined.
The chemical groups reported to cause the phototoxic effects of HY-PDT are the semiquinone, singlet oxygen and superoxide anion radicals. 11) Concomitantly, it was suggested that damage to the tumor vasculature is the primary mechanism of tumor destruction instead of direct tumor killing via apoptosis or necrosis.
8) The CAM model had been used to evaluate photosensitizers' ability to induce vasculature damage. 12) Other proposed uses of CAM include as an acceptable alternative to in vivo irritation tests on mucous membranes, 13) model tissue for surgical retinal research and simulation, 14) drug screening model for sensitizers in retinal disease, 15) short-term in vivo system for human skin 16) and in vivo test systems for human prostate cancer cells. 17) The CAM assay will possibly enable a reduction or substitution of experiments on animals. It has several advantages including simplicity, rapidity, sensitivity, ease of performance and cost effectiveness. 15, 18) EXPERIMENTAL Materials HY was purchased from Molecular Probes, CAM Preparation The preparation was same as previously reported. 10) Fertilized chicken eggs were disinfected with 70% ethanol before placing them in trays, with blunt end upwards. They were incubated at 37.4°C and 60% humidity. On day 7 of embryo age (EA 7), a window was opened at the apex of the egg to create a false air sac and the opening was then covered with parafilm. Eggs were stored at the same incubator till EA 14 or EA15 when they were mature and ready for experimentation. 19) Screening of Suitable NMP Concentrations for HY Topical Administration on CAM The preliminary experiments were carried out to determine the non-toxic concentrations of NMP that did not contribute to physical damage to CAM blood vessels. After extensive preliminary studies, the concentrations of NMP 4.8% v/v (HD group) and 0.6% v/v (LD group) in 0.9% w/v NaCl were selected for in vivo transport studies. On the day of treatment, a stock solution was suitably diluted with 0.9% w/v NaCl to prepare two 0.048 mg/ml HY formulations designated as HD group (high dose NMP, 4.8% NMP v/v) and LD group (low dose NMP, 0.6% NMP) were evaluated for their PDT effects on CAM vessels, compared with a control in 4.8% NMP without HY, designated as the HC group.
Characterization of CAM The contact area of each CAM was assumed to be circular and the diameter of the CAM was measured thrice diagonally across the egg at approximately 60°from each other to cover the circumferential perimeter of the CAM when the egg was sitting upright. The average diameter minus two times the average of the three thickness measurements of egg shell gave the corrected diameter of the CAM where the drug was applied (Fig. 2) . At the end of the experiment, the embryos were sacrificed and three readings of the thickness of CAM were determined by a pair of electronic calipers.
Analysis of Topical Delivery and Uptake of HY Five hundred microlitres of HY solution was instilled to cover the whole surface area of the CAM. The window was covered with parafilm to prevent evaporation of solution and incubated for 30 min in the dark. Next, the liquid samples remaining for both the control and the HY formulation groups were removed from the CAM surfaces by using micropipettes. Each surface was washed thrice with 1 ml 0.9% w/v NaCl solutions to remove excess photosensitizer or control solutions.
The recovered HY samples collected were immediately frozen and kept at Ϫ20°C until analyses for HY were carried out. For HY analysis, 50 ml of the sample was sonicated with 1 ml ethanol on ice for one minute and centrifuged to remove precipitates. The absorbance of HY in the resulting supernatant was determined spectrophotometrically. A calibration curve was made by diluting the formulation of HY in ethanol. HY content was calculated from the calibration plot. The difference between pre-and post-incubation HY amounts present was determined and assumed as the amount of HY uptake. For each sample, triplicated analyses were carried out and mean calculated.
PDT Irradiation Source A schematic diagram of the light source is shown in Fig. 3 . The light source used was the same as previously reported. 10) The CAM was exposed to a fixed light dose of 10 J/cm 2 administered at fluence rate of 50 mW/cm 2 at 590 nm (Laser Check, Coherent, U.S.A). All PDT experiments were performed with the CAM placed at approximately 1 cm away from the convex laser lens.
Image Acquisition and Processing Prior to HY application, and at post-irradiation, the images of CAM were captured with a digital camera (Nikon COOLPIX990, Japan) coupled to a stereomicroscope (Stemi 2000 C, Zeiss, Germany).
Image processing and analysis were performed using an image processing software (MicroImage, Olympus, Germany). The following steps were identified as optimal to provide for uniform processing and accurate analysis. The green monochromatic images were extracted from the original color images. The best possible contrast by distribution of pixel values in the green monochromatic image was enhanced in order to accentuate the images of the blood vessels. The vessels were then measured for each egg and diameters of vessels were determined. For each vessel, the vessel diameter given represented an average of three measurements The CAM model was placed approximately 1cm from the focusing lens during PDT (modified from previous published work). 10) along the vessel.
Vascular Assessment The PDT response of CAM vessels to the two different formulations of HY was quantified by the vessel regression percentage (VRP). VRP is defined as the percentage of change, expressed as the quotient of the difference in diameters after and before 24 h post PDT and the diameter before drug application, expressed as a percentage. Table 1 shows the vascular assessment classification for HY PDT in CAM used in this study. The undamaged CAM showing healthy normal blood vessel architecture in control groups have a VRPՆ0.
Data Analysis Nonparametric statistical test MannWhitney U for VRP and baseline vessels were performed using statistical analysis software SPSS (version 11.5, U.S.A.). The Student's t-test was used to compare the physical parameters of CAM (measured area and thickness) and the uptake analysis of HY.
RESULTS AND DISCUSSION

Preliminary Studies
It is expected that the uptake and blood vessel damage are both time as well as NMP and HY concentrations dependent. Two experimental groups were added, with formulations using a slightly lower dose of HY with low dose NMP, 0.039 mg/ml in 0.6% NMP (designated as LD20 min group) and its control 0.06% NMP (designated as LC20 min) were added for studies on EA 14 eggs under similar experimental conditions but different incubation time, limited to 20 min instead of the reported 30 min. The uptake of HY was 20.87% (nϭ4), for 20 min incubation and it was 27.97% (nϭ3) for 30 min incubation with starting concentration of 0.048 mg/ml in the LD group reported (Table 3) .
With reference to Figs. 4 and 5, after light treatment, the median vessel diameter for LC20 min was 7.55 arbitrary unit, (a.u.) indicating that the blood vessels were still growing after the addition of NMP. Similar observation for the HC group will be discussed later. The VRP for LD20 min was Ϫ42.49%, significantly different from LC20 min, pϽ0.05. The VRP for LD was Ϫ34.8%. Note that the VRP in LD20 min was 7.69% higher than LD, implying that the LD20 min was better than 30 min incubation. However, when the baselines of vessels were examined, these two groups of controls had different populations with medians of 11.92 a.u. and 27.88 a.u. for LD20 min and LD respectively. It is relatively harder to damage the bigger vessels with the similar PDT conditions. Therefore, it can be concluded that the LD20 min may be as good as LD for smaller vessels but when the baseline vessels were larger, such as those in LD 
Fig. 4. Baseline Vessels Represented by Box-Plots of LC20 min and LD20 min Groups
The symbols (asterisks and circles) represent the outliers. In this case, LC20 min and LD20 min groups have outliers that are 'good outliers'. Baseline vessels in these groups are very varied in their sizes, the medians were 11.92 a.u. and 18.47 a.u. respectively, and the nonparametric statistical analysis found that they are statistically not comparable (pϽ0.05). Fig. 4 , the median of LC20 min was 7.55 a.u. which indicates that the blood vessels are still growing after the addition of NMP (see results and discussion), same result was obtained in HC group in the Fig. 7 . The VRP for LD20 min was Ϫ42.49%, different from LC20 min, pϽ0.05.
and HD (25.55 a.u.) groups, the baseline values in LD and HD groups were found to be comparable (pϭ0.654). It was found that the higher NMP concentration group, HD, showed higher uptake of HY (54.66%, Table 3 ) and a higher VRP (Ϫ82.55%, pϭ0.003, Fig. 7) .
Thus, there was time dependency for the uptake of HY and different concentrations of NMP damaged vessels to different extents.
2. Uptake Analysis There had been a reported study quantifying photosensitizer uptake after topical application.
12)
The researchers removed part of the solution after incubation and the absorption spectrum (at 1 : 100 dilution) was determined using a spectrophotometer with an optically matched blank. The difference between pre-and post-incubation absorption of the major pre-incubation peak for photosensitizer was determined.
The authors are aware of the possible limitations of this spectrophotometric analysis. Hence, in order to improve the study, firstly, an extraction procedure was carried out prior to determining the concentration of HY. This was a modification from the previous work in our laboratory.
3) Secondly, with regard to errors that could affect precision when quantifying the uptake amount, it was assumed that the difference in absorbance between pre-and post-incubation was the amount of HY uptake and repeatability of each measurement was confirmed by triplicated analyses. The data is presented in Table 3 . The relative standard deviation (RSD) or coefficient of variation (C.V.) for each sample was not more than 3.0%.
In addition to the amount of HY uptake, with reference to Fig. 2 , Table 2 also shows physical parameters of the eggs such as area of application, A (assumed circular), and CAM thickness, H. There were no significant differences in A and H between HD and LD groups, therefore, the eggs were found to be comparable before PDT. When the ratio of HY uptake for the two groups was computed, it was found to be 1.96 (Tables 2, 3) .
Data Analysis and Presentation
In order to determine the frequencies of vessel damage statistically, nonparametric test was employed. A scoring system was used in this study to analyze individually the level of the damage to vessels for each group and results were compared. For simplicity in data presentation to sum up the effects of interventions non-parametrically, box-plots were used to present the descriptive statistical findings. (Figs. 4-7) .
To summarise the minimum, first (lower) quartile (Q 1 ), median, third (upper) quartile (Q 3 ) and maximum of the vessel diameter before and after PDT, a graphical boxplot representation of distribution was used. The ends of the box are at the quartiles (hinges), so that the length of the box is the inter-quartile range (IQR). The median is marked by a line within the box. The two vertical lines outside the box extend to the smallest and largest observations within 1.5ϫIQR of the quartiles (whiskers). Observations that fall outside of 3ϫIQR are called extreme outliers (asterisks). Observations between 1.5ϫIQR and 3ϫIQR are called mild outliers (closed circles).
The box-plots for baseline vessels and VRP of experimental groups are presented in Figs. 6 and 7. The medians of baselines are very comparable among the three groups, i.e. the experimental groups and control had comparable baseline vessels. The medians of VRP were different, HC group was about the zero level and HD group was about to Ϫ100%, showing that HY in 4.8% NMP gave higher VRP compared to HY in 0.6% NMP.
Vascular Assessment
The baseline diameters of ves- In parenthesis, standard deviations.
Fig. 6. Baseline Vessels Represented by Box-Plots of HC, HD and LD groups
The symbols (asterisks and circles) represent the outliers. In this case, HD and LD Groups have 'good outliers.' Baseline vessels in HD and LD groups are very varied in their sizes, and the nonparametric statistical analysis found that they are comparable (pϾ0.05).
Fig. 7. VRP Represented by Box-Plots of HC, HD and LD Groups
HC is the only group with a positive mean VRP and the outliers (circles) are indicative that the blood vessels are still growing after the addition of NMP (see results and discussion). sels before PDT between the HD group and LD group were not statistically significant (pϭ0.654), therefore they may be considered similar and comparable for the subsequent VRP comparisons. The total numbers of vessels assessed in HD and LD groups were 47 and 59 respectively. It was found that the VRP values between them were statistically significant ( pϭ0.003). The median VRP values obtained for HD and LD groups were Ϫ82.55% and Ϫ34.80% respectively (Fig. 7) . When the HD group was compared to HC control group, it was found that the baseline was comparable (pϭ0.468, Fig. 6 ) and the VRP was significantly different (pϽ0.001). Due to the PDT effect of HY, this clearly showed that the HY prepared with a higher concentration of NMP caused a higher percentage of vessel regression and was more damaging to the CAM blood vessels. The mean of the VRP in HC control group was 18.8% (Fig. 7) , the only group (in addition to LC20 min) showing a positive mean VRP, thus indicating that the vessels were still healthy and growing after the addition of NMP. Figure 8 shows CAM images of control HC and treated HD respectively. The HY-PDT treated CAM (Fig. 8B) showed vessel regression in contrast to the control (Fig. 8D) . HY-PDT showed anti-vasculature effects while NMP and light therapy alone did not produce such an effect. Figure 9 shows the distribution of CAM blood vessel diameters, d, before PDT. Since each egg had different vessel sizes, for comparison, the baseline vessels were classified according to the diameter d, a.u., derived from pixels in the image processing software, into six groups: dϽ20; 20ϹdϽ40; 40ϹdϽ60; 60ϹdϽ80; 80ϹdϽ100 and м100 a.u.
Potentially there are different facets of PDT damage on CAM tissue and vessels, thus in order to compare these effects quantitatively, a simple scoring system was developed (Table 1) . Some sources causing changes to VRP are discussed below.
VRP can be affected by various factors, primarily of biological origins: (a) biological growth of the embryo; (b) effects of NMP on CAM tissues, including the vessels; (c) PDT effects of HY on CAM and its vessels, with and without NMP, after light irradiation; (d) any nonspecific inflammation caused by the compounds applied that was not apparent when observed visually; and (e) variations resulting from the morphometric evaluation of CAM vessels could also contribute to inaccuracies in the assessment of PDT effects.
The biological variations were controlled by the use of mature CAM at EA 14 or EA 15 in this study. It was reported that the vascular density of CAM increased by more than three-fold from EA 8 to EA 12 and the rate of neovascularization appeared to be maximum between EA 10 and EA 11. After EA 12, the vascular density reached a plateau. 20) Before EA 12, the CAM had not adequately matured.
14) The suitable age for CAM experiments used by other groups were not considered seriously. 19, [21] [22] [23] [24] [25] In addition, proper controls such as LC and LC20 min with 0.6% NMP and HC with 4.8% NMP were used. The effects of NMP on CAM in both HY LD and HD groups as well as control groups, when given similar amounts of light dose and assessed before and after PDT, only the control groups gave positive VRP, which indicated that the vessels were healthy and growing with no observable physical damage (Table 1, Figs. 5, 7 ). These controls were considered sufficient to investigate the penetration effects of NMP. În the present study, the correlation of antivasculature effects of HY-PDT to the HY uptake concentration was quantified by the effects of NMP in the CAM model.
The difficulty in quantifying an anti-angiogenic response with accuracy had been well recognized 19) and it was commented that morphological evaluations of angiogenesis was very cumbersome and provided results which were at best semi-quantitative 20) . When a living model in anti-angiogenesis study was used, most publications did not mention the change of vessels prior to and after intervention such as the application of various bioactives. 12, 21, 22, 26) In addition to the above mentioned study design, this present study took two major steps to minimize variations. Firstly, standardization of the image capturing procedure and its subsequent image analysis was implemented to reduce the variations in image capturing. The baseline vessels were also analyzed quantitatively by measuring the diameters of the vessels, this providing the baseline for comparison. Comparison with previous studies is not possible since the baselines were not re- ported. 19) Secondly, the total number of vessels measured was analyzed statistically by a non-parametric method without making any assumptions on the distribution of vessels. Using a parametric test, such as a t-test used to compare between control and experimental groups after PDT 26) would be inappropriate for quantifying the changes in vessel diameters before and after PDT treatment as the interest is for the comparison of the extent of growth or deterioration of vessels before and after interventions.
When a vessel has different types of VRP at different regions, according to the classification in Table 1 , the maximal damage VRP was assigned for that particular vessel. Therefore, Fig. 10 shows the frequency of maximal damage, the median VRP was 11.44% in HC group (Fig. 7) . The level of VRP damage was classified into seven classes according to severity: VRPϭϪ100%; Ϫ99 to Ϫ80%; Ϫ79 to Ϫ60%; Ϫ59 to Ϫ40%; Ϫ39 to Ϫ20%; Ϫ19 to 0% and Ͼ100%.
In order to investigate which classes of vessels were completely destroyed, a subgroup analysis of data was carried out for VRP values equal to Ϫ100% (Fig. 11) . When VRP values equaled Ϫ100% on assessment at 24 h post PDT, it indicated that maximal and complete damage of vessels by the total disappearance of the vessels or hemorrhagic damage to vessels after irradiation. This level of damage was always observed for vessels of smaller d, in both groups. In addition, HD group caused greater extent of damage to vessels when values of d were larger (Figs. 10, 11) . Hemorrhage was also observed in certain large vessels (dՆ100 a.u.) after PDT in HD group (Fig. 8B) . It was reported that severe hemorrhage occurred 24 h after photosensitizer protoporphyrin IX application followed by immediate PDT. 22) Hemorrhage is included as a parameter for phototoxic damage, and designated as VRPϭϪ100 %. This type of damage was previously weighted as the highest score 12, 22) as well. HY-PDT induced hemorrhagic damage was only observed in HD group.
From Fig. 11 , it is observed that LD destroyed vessels better than HD for vessel diameters Ͻ20 a.u. or nearly the same as HD for vessels of the range, 20-39 a.u. There are two reasons for this. Firstly, there was different extent of the vessel damage caused by HY-PDT for different sizes of vessels. As mentioned previously, HD was able to destroy large blood vessels, even for vessels Ն100 a.u. When Ͻ20 a.u. vessels were critically examined separately, both the LD and HD groups showed total clearance and damage of the vessels but there was even greater extent of destruction in the HD group such as hemorrhagic damage to vessels and damage to CAM tissue (Fig. 8B) . Secondly, the vessels were found not to be normally distributed (by statistical Q-Q plot, not shown). Naturally, the smaller vessels were more abundant as they branched out from the bigger ones. The subgroup number for LD was smaller, around 70% was Ͻ20 a.u. (nϭ11), and the rest were 20-39 a.u. (nϭ5). In HD subgroup, nϭ9 and 5 respectively. In this subgroup analysis, the pϭ0.038 implies that for the same VRPϭϪ100%, different vessels were destroyed significantly. The distribution of vessels was not normal also explained the VRP damage for LD group appeared to be higher than HD group in the subgroup in the range of Ϫ46 to Ϫ32% (Fig. 10) .
For vessel assessment, it was concluded that HD treated CAM had a vessel regression that was 2.37 times more than that in LD treated CAM. The ratio 2.37 was calculated from the median VRP values for HD (Ϫ82.55%) and LD (Ϫ34.80%) groups and the VRP values were found to be statistically significant ( pϽ0.001).
Transport Studies and Potential Applications
Starting with the same concentration of HY in formulations (0.048 mg/ml) and allowing 30 min for uptake (tϭ30 min), when H and A were constant for the eggs ( pϾ 0.05, in comparison between LD and HD groups, Table 2 ), the uptake level in the HD group was about double that for the LD group. As HY concentration on either side of CAM kept changing with time, the mass transported will not be at steady state. However, since the experimental conditions were similar, the difference in the absolute amount of bioactives transported under identical conditions can be inferred as due to differences in membrane permeability. It was proposed that NMP interacted with the CAM and under test concentrations, higher concentration of NMP caused the CAM to be more permeable, allowing the higher uptake of HY across the membrane for a given 30 min of incubation (Table 2) . Hence, a higher VRP in the HD group was observed (Fig. 7) .
Two earlier reports on transport studies of HY using the Caco-2 cell line concluded that HY was absorbed through the intestinal epithelium by passive transcellular diffusion. 7, 27) Although Caco-2 cells showed morphological and biochemical similarity to normal intestinal enterocytes, 28 ) the in vivo model as proposed here would provide a more realistic and relevant information with regard to topical administration of HY for PDT application for superficial cancers.
An investigation into the effects of the solubilizer and pen- etration enhancer on the transport of HY in the CAM model was also conducted. VRP for topical HY application had not been assessed quantitatively although qualitative assessment had been reported. 10) The CAM can be utilized as an excellent model to examine VRP effects of a drug. The limitation of an in vitro artificial membrane method for drug permeability studies 29) include the tendency of poorly soluble compounds to undergo extensive nonspecific binding to the surfaces of the device(s) used, thus complicating the evaluation of the permeability rates of such compounds. For poorly water-soluble drugs, it is necessary to use DMSO or suitable organic solvents as co-solvents. However, there is limited assessment of the effects of co-solvents on the viability and integrity of the complex living biological systems. Co-solvents can be toxic and affect the integrity or viability of the barrier system, resulting in usually high permeability coefficient values.
29) The present study used the negative control of solvents (blank solvent-systems that did not contain HY) to help reduce this type of false positives. The preliminary studies were carried out to determine the acceptable concentrations of NMP that did not cause bleeding/irritation to the CAM prior to deciding on the concentration to be incorporated in the in vivo studies.
The present study has demonstrated a possible new model to conduct a transport study using CAM. The CAM has potential to be established as an efficient and reliable in vivo model that requires only small amounts of drug and pharmaceutical excipients. This allows for transport screening and exploring the anti-vasculature effects of photosensitizer in different preparations. Currently, in the clinical trials, the photosensitizer HY is instilled in the bladder for incubation over a period of at least 2 h.
2) If the formulation of the photosensitizer is improved, the transport rate of the drug will be faster, therefore shortening the incubation time. This will significantly reduce patient waiting time and improve patient compliance and acceptance as we now anticipate the promising potential of the outcome for human clinical trial using the novel photosensitizer HY.
In conclusion, the PDT of HY treated CAM produced significant vessel regression when compared to the controls. HY PDT showed anti-vasculature effects. It was demonstrated that a higher concentration of NMP caused higher VRP of vessels and the transport rate of HY can be improved by increasing the concentration of NMP, also resulting in higher VRP of vessels. This study attempted to quantify HY transport using CAM and explored the relationship between the vascular regression and amount of HY uptake. The model has potential for other transport studies.
